Abstract. Glycerol-3-phosphate dehydrogenase (EC 1.1.1.8) is induced when glial cells are exposed to hydrocortisone in vitro. In contrast, the enzyme activity in fibroblasts is not affected by the steroid. In an attempt to elucidate the mechanisms controlling inducibility, hybrids between glial cells and fibroblasts were studied. It was found that the activity of the enzyme does not increase when the hybrids are exposed to hydrocortisone. It was also shown that inducibility and the noninduced activity of enzyme are controlled independently. Comparisons of S-100 and glycerol phosphate dehydrogenase activity in the hybrids suggest that all the specialized functions characteristics of glial cells are not coordinately controlled.
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In the preceding paper of this series' it was shown that the activity of the protein S-100, the synthesis of which is a specialized function characteristic of glial cells,2 is greatly reduced in hybrids between glial cells and fibroblasts. Glial cells are characterized by a number of other specialized functions, including the production of large amounts of glycerol-3-phosphate dehydrogenase (GPDH, EC 1.1.1.8) and the inducibility of this enzyme by hydrocortisone.3 4 GPDH is widely distributed in animal tissues. High levels have been found in several tissues, including liver and muscle, and low levels have been found in a number of other tissues, including brain.' Studies on the hormonal regulation of GPDH activity in vivo showed that adrenalectomy in rats has little effect on the enzyme activity in liver and muscle but causes a sharp drop in the GPDH activity in brain. After adrenalectomy the reduced activity in brain can be partially restored by injections of cortisol.5 In vitro, hydrocortisone induces GPDH in glial cells but not in other types of brain cells (neurons, ependymal, and meningial cells) or in fibroblasts.3 4 The increase in GPDH activity in glial cells exposed to hydrocortisone does not occur in the absence of either RNA or protein synthesis. However, further studies are necessary to determine whether or not induction involves an increased rate of GPDH synthesis.
In this paper, the analyses of GPDH in hybrids between glial cells, in which the enzyme is inducible, and fibroblasts, in which it is not, will be described. In addition, the GPDH and S-100 protein activities of the hybrids will be compared in order to provide an answer to the question: in a differentiated cell that is characterized by a number of specialized functions, are the specialized functions subject to coordinate control or are they controlled independently of each other? Materials and Methods. The "parental" cell lines and the isolation and identification of the hybrids have been previously described.' The cell lines include: a clone of near diploid rat glial cells RG6A; a clone of 2S glial cells, designated RG62-2, which resulted from the Sendai virus-induced fusion of two RG6A cells with each other; two lines of 5-bromodeoxyuridine-resistant mouse fibroblasts 3T3-4(E) and LM(TK-)-cl.1D (to be referred to as cl.1D); and hybrids resulting from the Sendai virus-induced fusion of RG6A with 3T3, RG6A with cl.1D, and RG62-2 with cl.1D.
For the enzyme assays, 200-ml glass prescription bottles were inoculated with 5 X 105 cells in growth medium (F10 medium supplemented with 10% fetal calf serum). After 3 days, half the bottles were renewed with 50 ml of growth medium and the other half with 50 ml of growth medium supplemented with 1 Og/ml of hydrocortisone succinate.
(This medium will be referred to hereafter as "hydrocortisone medium".) 24 The term "baseline" will be used below to indicate the GPDH specific activity (change in absorbance units/mg protein per min) in cells not exposed to hydrocortisone. In each experiment the baseline of RG6A cells will be taken as 100, and that of other cells will be expressed relative to this. From one experiment to the next, there was a large variation in the value of the RG6A baseline, with the specific activity ranging from 0.26 to 0.47. However, the ratios of the baselines of other cells to that of RG6A, as well as the ratio of the induced activity of RG6A to the baseline, showed little variation between experiments. Repeated determinations on cells in which GPDH is not inducibile have shown that the activity of such cells in the presence of hydrocortisone can differ from the baseline by as much as +420% from experiment to experiment.
In experiments in which cells were tested for inducibility at different points of the growth cycle, a number of bottles were inoculated with 5 X 105 cells at intervals of 2-3 days. On a given day, all the bottles were renewed with growth medium or hydrocortisone medium, and the cells were collected 24 hr thereafter.
In an experiment designed to test the effect of exposure of cells to hydrocortisone for a period longer than 24 hr, a large number of bottles were inoculated and split into three series. Bottles of one series were renewed with hydrocortisone medium on both the third and fourth days after inoculation; bottles of the second series were renewed with growth medium on the third day and with hydrocortisone medium on the fourth day; and bottles of the third series were renewed with growth medium on both the third and fourth days. The cells of all bottles were harvested on the fifth day after inoculation, i.e. 48 hr after the first renewal. The experiment was designed in this manner to take into account the cycle of GPDH activity in the glial cells.
The experiments on the induction of lactate dehydrogenase (LDH, ilactate: NAD oxidoreductase, EC 1.1.1.27) were performed in the same manner as those on GPDH. 3 days after the bottles were inoculated with 5 X 105 cells, the cultures were renewed with 50 ml of medium, with or without 10 ,g/ml I-epinephrine bitartrate. 24 hr thereafter the cells were collected, rinsed with 0.1 M Tris. HC1 buffer, pH 7.4, and homogenized. The extracts were centrifuged for 1 hr at 30,000 X g, and the supernatants were tested for LDH activity, according to the method of DeVellis et al. 7 Results. It has recently been shown that rat glial cells in vitro have a high GPDH baseline and that GPDH activity is increased when these cells are exposed to hydrocortisone.3'4 In contrast, fibroblasts have a very low GPDH baseline, and there is no increase in activity in the presence of hydrocortisone. In an attempt to elucidate the mechanisms controlling GPDH inducibility, hybrids between glial cells and fibroblasts were analyzed. The results of two typical experiments are presented in Table 1 . It can be seen that after exposure to hy- The cells in these experiments were harvested 4 days after inoculation. All activities are given relative to the specific activity of the noninduced glial cells, which is considered as 100. In the experiments in this and the succeeding tables, the specific activity corresponding to 100 is given in parentheses.
drocortisone the GPDH activity of the glial cells RG6A increases approximately 2.5-fold above the baseline. The baselines of the 3T3 and cl.lD fibroblasts are approximately 3 and 6% of that of the glial cells, respectively. There is no increase in GPDH activity when the fibroblasts are exposed to hydrocortisone. RG6 X 3T3 hybrids have a GPDH baseline which is approximately the same as that of 3T3 (4% of that of RG6A), whereas RG6 X cl.1D hybrids have a baseline approximately three times greater than that of cl.iD (approximately 25%
as high as that of RG6A). The difference between the baselines of the two hybrids may be correlated with the different baseline activities of the 3T3 and cl. 1D fibroblasts. In neither hybrid is there an increase in GPDH activity in the presence of hydrocortisone. It can also be seen (Table 1 , Exp. 2) that a 3-fold increase in the concentration of hydrocortisone neither augments the induction of GPDH in the glial cells nor induces the enzyme in the hybrids. GPDH inducibility as a function of the phase of growth was examined in RG6A, cl.1D, and RG6A X cl.1D cells. The results for RG6A are shown in Fig. 1 . It can be seen that the baseline and the induced level increase during the growth cycle and then decrease. Moreover, the ratio of induced to baseline activity ("degree of induction") also increases and then decreases. Thus the quantitative response of glial cells to hydrocortisone is not constant during the Days ofter-inoculation growth cycle. The maximum response to hydrocortisone seems to occur before the baseline has reached its maximum, so that the peak of induced activity is reached earlier than the peak of the baseline activity.
In order to determine whether the response to hydrocortisone of fibroblasts and hybrids also changes during the growth cycle, cl.iD cells and RG6 X cl.iD hybrids were examined at 4 and 6 days after inoculation in comparison with RG6A cells (Table 2 ). (Attempts have been made to examine the hybrids at later 24 27 * The time indicated is the number of days after inoculation at which the cells were harvested. The bottles were renewed 24 hr earlier, i.e., at 3 or 5 days after inoculation. points in the growth cycle. This was found to be difficult, however, because these cells have a tendency to detach from the glass substrate when they become too dense.) It was found that neither the baseline nor the response to hydrocortisone of the fibroblasts and hybrids changes between the fourth and sixth days, while both the baseline and the degree of induction in the glial cells increase by approximately 50%.
The cycle of GPDH activity in the glial cells complicates the interpretation of experiments on the effects of long exposures of cells to hydrocortisone, as there can be large changes in the baseline and the degree of induction during the course of the experiment. This problem can be minimized by comparing the induced activity at the end of the hydrocortisone exposure with the baseline at the corresponding time, rather than with the baseline at the time of addition of hydro- The cells were harvested 5 days after inoculation. The bottles were renewed 24 and 48 hr earlier, i.e., on the third and fourth days.
cortisone. Such an experiment with glial cells and hybrids is shown in Table 3 . While the GPDH activity of glial cells is greater after 48 hr of exposure to hydrocortisone than after 24 hr, there is no induction in the hybrids even after a 48 hr exposure to hydrocortisone.
RG62-2 cells (2S) and hybrids between them and cl.iD cells were also examined for GPDH inducibility (Table 4 ). The 2S glial cells have a GPDH The cells in these experiments were harvested 4 days after inoculation.
baseline which is twice as high as that of the iS glial cells and the activity of the 2S cells is increased 1.5-to 2-fold after exposure to hydrocortisone. Of the two hybrids between the 2S glial cells and cl. iD cells, one has a baseline which is 25% lower and the other 15% higher than the baseline of iS glial cells. In both hybrids there is an increase in GPDH activity of approximately 25% after exposure to hydrocortisone. An experiment was also performed on the inducibility of LDH in the glial cells, fibroblasts, and hybrids ( Table 5) . As previously reported,3 4 the LDH activity The activities are given relative to the specific activity of the noninduced glial cells. In this experiment, 100 corresponds to a change of 28 absorbance units/mg protein per min.
in the glial cells increases after exposure to epinephrine. (It remains to be determined whether the epinephrine induced increase of LDH in the glial cells represents a general increase of all the LDH isozymes or a selective induction of only certain isozymes.) In contrast, there is no increase of the LDH activity of fibroblasts and hybrids exposed to epinephrine.
Discussion. The results of the experiments on the inducibility of GPDH in glial cells, fibroblasts, and glial cell X fibroblast hybrids are summarized in Table 6 . (This table includes * The numbers given for the hybrids are averages for all of the hybrids of a given type; for example, the figure given for RG6 X cl.1D includes determinations on clones 3, 6, and 9. The number in parentheses following the cell line indicates the number of independent experiments in which the lines were tested. Only determinations on cells harvested 4 days after inoculation are included.
The 2S glial cells RG62, which were produced by the fusion of two RG6A cells, serve as controls for the other hybridization experiments. The determinations on these cells indicate that neither the methods used in producing and isolating hybrids nor the act of cell fusion (with the subsequent increase of cell size and ploidy) result in a decrease of the GPDH baseline or the disappearance of GPDH inducibility. In addition, the very high frequency of fusion between RG6A and fibroblasts and the retention of essentially all the rat marker chromosomes in the hybrids suggest, as pointed out in the preceding paper,2 that the results observed with the hybrids are not artifacts of the mating system.
The comparison of the GPDH baseline and inducibility of the glial cells with the activities of the different hybrids suggests that inducibility and baseline are controlled independently in these cells. Evidence for this is seen as a lack of correlation in the hybrids between the depression of the baseline and the repression of inducibility (Table 6 ). Thus, in the RG6 X 3T3 hybrids, the baseline (specific activity) is approximately 95% lower than it is in RG6A, and the enzyme is not inducible; in the RG6 X cl. iD hybrids the baseline is approximately 75%0 lower than in RG6A, and there is no inducibility; and in the RG62 X cl.1D hybrids, the baseline is within 15%o of that of RG6A, but the GPDH activity of these hybrids increases only 25% in the presence of hydrocortisone, whereas the activity in the RG6A cells increases by 150%. These comparisons are even more striking if GPDH activity/cell is considered. The RG6 X 3T3 and RG6 X cl.1D hybrids, in which the enzyme is not inducible, have, respectively, one tenth and one half as much GPDH activity/cell as the RG6A cells, while the RG62 X cl. iD hybrids, in which the enzyme is at most slightly induced by hydrocortisone, have almost three times as much activity/cell as the RG6A cells.
The above considerations reveal that there is no correlation between either GPDH specific activity or GPDH activity/cell and the response of cells to hydrocortisone. If such a correlation did exist, it could suggest that inducibility is simply a function of the baseline, as if, for example, inducibility depended on the size of a certain preexisting pool. Thus in cells with a low baseline the enzyme would not be inducible, as is observed in the RG6 X 3T3 hybrids. However, the lack of correlation between baseline and inducibility in the glial cells and hybrids suggests that the two functions are controlled independently, and therefore that there exists a specific mechanism for controlling inducibility.
The hybridization experiments have not provided evidence on the mechanism of the regulation of inducibility, and the results are compatible with a number of different mechanisms. In considering the possible mechanisms of control it should be kept in mind that the difference in the "inducibility" of the parental cells in these experiments is due, presumably, not to the use of mutant lines with alternative (allelic) genetic differences but to the use of cells derived from different tissues, in which the differences in gene expression leading to inducibility in one cell type, but not in another, arose in the course of cell specialization.
The experiments on LDH show that this enzyme also is not inducible in hybrids between glial cells, in which LDH activity increases after exposure to epinephrine, and fibroblasts, in which there is no increase in the presence of epinephrine. The same result has been obtained in a study of the inducibility of tyrosine aminotransferase in hybrids between rat hepatoma cells and mouse fibroblasts. 8 The fact that glial cells in culture are characterized by a number of specialized functions, some of which have been analyzed in glial cell X fibroblast hybrids, permits the examination of the question of whether the multiple specialized functions characteristic of a given differentiated cell are coordinately or independently controlled. The results of the experiments on the regulation of GPDH and S-100 protein in the hybrids are presented in Table 7 . For S-100, the serological * GPDH refers to the baseline activity, relative to that of RG6A, which is set equal to 100. t S-100 was determined immunologically, using a complement (C') fixation assay. The numbers given refer to the serological activity, relative to that of RG6A, which is defined as 100. A serological activity of 100 means that an extract produces maximum C' fixation at the same concentration of protein as RG6A, and a serological activity of 5 means that an extract produced maximum C' fixation only when 20 times as much protein as is necessary with RG6A was used.
activity of the RG62 X cl.liD hybrids is the same as that of the RG6 X cl.lD hybrids.' In contrast, the GPDH baseline activity of the RG62 X cl.lD hybrids is almost four times as great as that of the RG6 X cl.lD hybrids. This suggests that these two proteins, which occur with high activities in glial cells but not in fibroblasts, are controlled by independent systems. Thus it seems that all the specialized functions characteristic of one type of differentiated cell are not coordinately controlled. The significance of the small increase of GPDH activity in the RG62 X cl.lD hybrids after exposure to hydrocortisone, in contrast to the lack of response in the RG6 X cl.1D hybrids, is at present not clear. This increase might represent a slight induction in the RG62 X cl.l1D hybrids, explainable by the fact that these hybrids contain two glial cell genomes and one fibroblast genome, whereas the other hybrids contain only one glial cell and one fibroblast genome. Further analysis of such hybrids may provide information on the relationship between the ratio of parental genomes in hybrids and the expression of specialized functions. Such information could be of value in attempting to understand the quantitative aspects of the regulation of specialized functions.
